The lack of integrated rate-laws for photoreactions has led to carry out the treatment of drugs photodegradation kinetic data using the classical zeroth-, first-, and second-order kinetics that were originally developed for thermal reactions. The recent developments of Φ-order kinetic models has opened new perspectives in the treatment of photoreaction kinetics of systems involving a photolabile molecule (A) transforming into a photochemically and thermally stable product (B), that is, the AB(1Φ) photoreaction systems. Within this framework, the kinetics of cardiovascular and photosensitive drug nisoldipine (NIS) has been rationalised. Continuous and monochromatic irradiation of NIS in ethanol obeyed Φ-order kinetics with a sigmoid-shaped quantum yield variation with irradiation wavelength (0.0041-0.35 within 235-390 nm spectral region). Both NIS initial concentration-induced self-photostabilisation effect and the photostabilisation by absorption competitors were quantified (up 70%) and related to a reduction of the photokinetic factor. Finally, the Φ-order kinetics also served to demonstrate the actinometric potential of NIS for the 320-400 nm dynamic range.
Introduction
Φ-order kinetics is a recently developed approach useful for the investigation and characterisation of unimolecular and reversible photodegradation reactions of drugs [1] [2] [3] [4] [5] [6] [7] . It has been proven to be more suitable for the description of drugs' photoreactivity than the classical treatments based on zeroth, first, and second reaction orders [1] [2] [3] [4] . In this respect, Φ-order kinetics palliate the main drawbacks of the classical strategy in four aspects: (i) its equations are based on the differential equations of photo and not thermal reactions, (ii) it allows achieving a unique interpretation of the experimental data of reaction kinetic profiles conversely to the thermal strategy that may lead to ambiguity on the true order obeyed by the photoreaction studied, (iii) it applies to the whole set of data making up the kinetic trace of the phototransformation and is not limited to a partial section (usually up to the half-life time) of the trace, and (iv) it provides an analytical expression for the reaction rate-constant that refines the physical meaning of this parameter for such photoreactions. As such, Φ-order kinetics may serve to amend the ICH recommendations by introducing procedures and standard kinetic data treatment methods for the quantification of drugs' photodegradation kinetics that are lacking in the Q1b document relative to the photostability of drugs [8] .
Nisoldipine (NIS) ((±)3-isobutyl-5-methyl-1,4-dihydro-2,6-dimethyl-4-(2-nitrophenyl)-pyridine-3,5-dicarboxylate) is a member of the 1,4-dihydropyridine class of calcium channel antagonist drugs. NIS is prescribed for the treatment of hypertension and angina [9] .
The presence of a nitro group at the ortho-position of the phenyl ring in some members of the 1,4-dihydropyridines such as NIS and nifedipine makes them particularly prone to photolability. The photodegradation mechanism of NIS (Scheme 1) involves an oxidation of the dihydropyridine moiety to a pyridine ring and the reduction of the aromatic nitro group to a nitroso [9] . This change in chemical structure results in a significant loss of therapeutic efficacy [10] . As a consequence, a number of studies have been devoted to the study of the photodegradation of NIS under various conditions.
Although much effort has been devoted to the elucidation of the photodecomposition products of NIS, studies on the kinetics of its photodegradation remain scarce and largely controversial. For instance, the photoconversion of NIS in methanolic solutions using UV spectrophotometry and RP-HPLC was attributed a first-order kinetics [11] , whereas another similar spectrophotometric study in ethanol described NIS kinetics by an apparent first-order up to a concentration of 3 × 10 −5 M and the zero-order for concentrations higher than 2 × 10 −4 M [12] . In the solid state, NIS photodegradation monitored by HPLC was ascribed a zeroorder kinetics under daylight but the reaction order could not be clearly identified under UV illumination. In the latter case, NIS degradation showed a more complicated kinetic behaviour whereby the decrease of its concentration was linear with time up to ca. 60% of the initial concentration then it followed a much slower regime [13] . However, the primary photoprocess of NIS degradation in solution leads to a unique photoproduct: the nitroso derivative, PP in Scheme 1 [9, 14, 15] , and any minor products that might be detected in the reactive medium [10] must result from further slow thermal degradation of PP [14] .
The aim of this paper is to conduct a full elucidation of NIS kinetics in ethanol using Φ-order kinetics. The irradiation-dependent quantum yields will be determined and the effects of initial concentration and absorption competitors quantified. Finally, the potential use of NIS in actinometry will be demonstrated.
Materials and Methods

Materials. Nisoldipine (NIS) ((±
3-isobutyl-5-methyl-1,4-dihydro-2,6-dimethyl-4-(2-nitrophenyl)-pyridine-3,5-dicarboxylate), tartrazine (TRZ), quinoline yellow (QY), and spectroscopic grade ethanol were purchased from Aldrich and were used without further purification.
Monochromatic Continuous Irradiation.
For irradiation experiments, a Ushio 1000 W xenon arc-lamp light source housed in a housing shell model A6000 and powered by a power supply model LPS-1200 was used. This setting was cooled by tap water circulation through a pipe system. The lamp housing was connected to a monochromator model 101 that allows the selection of specific irradiation wavelengths since it consists of a special f/2.5 monochromator with a 1200 groove/mm at 300 nm blaze grating. The excitation beam was guided through an optical fibre to impinge from the top of the sample cuvette; that is, the excitation and the analysis light beams were perpendicular to each other. The setup was manufactured by Photon Technology International Corporation.
The Monitoring System.
A diode array spectrophotometer (Agilent 8453) was used to measure the various absorption spectra and kinetic profiles for the irradiation and calibration experiments. This spectrophotometer was equipped with a 1 cm cuvette sample holder and a Peltier system model Agilent 8453 for temperature control. As such, the sample was kept at 22 ∘ C, stirred continuously during the experiment, and completely shielded from ambient light. The spectrophotometer was monitored by an Agilent 8453 Chemstation kineticssoftware.
A Radiant Power/Energy meter model 70260 was used to measure the radiant power of the incident excitation beams.
Kinetic Data Treatment.
In order to carry out nonlinear fittings and to determine best-fit curves, a LevenbergMarquardt iterative program within the Origin 6.0 software was used.
Solutions. A 4.9 × 10
−4 M stock solution of NIS in ethanol was prepared by weighing the solid. The stock solution was diluted to prepare fresh analytical solutions (ca. 7.8 × 10 −6 M) for analysis of irradiation experiments performed at various wavelengths.
Since NIS absorbs in the UV and visible regions of the spectrum, particular care was taken during the handling of NIS solutions using aluminium foil paper wrapping and keeping them in the fridge while not in use. As such, NIS stock solutions remained stable for several weeks.
Stock solutions of TRZ (9.14 × 10 −5 M) and QY (6.17 × 10 −5 M) were prepared in ethanol from their respective powders. Diluted solutions of the dyes in ethanol were then spiked with volumes from NIS stock to make up solutions of the required concentrations.
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For actinometric studies, NIS ethanolic solutions of the same concentrations (ca. 7 × 10 −6 M) were exposed to specific irradiation wavelengths using a series of different intensities for each wavelength. The kinetic traces were observed at an observation wavelength of 390 nm and were subsequently fitted with the Φ-order equations.
Experiments were conducted at least in triplicates. A → B ) between the initial species (A) and its photoproduct (B) are generally labelled AB(1Φ) systems. The formula of (1) has been established considering that the solution, subjected to a monochromatic, nonisosbestic, and continuous irradiation ( irr ), is homogeneously and continuously stirred. It is also assumed that the concentration of the excited-state species is negligible, the medium temperature is constant, and, at the irradiation wavelength ( irr ), species NIS and PP may absorb different amounts of light ( irr ); that is, the absorption coefficients of the species may be different ( (∞) where only the photoproduct is present). The absorbances can be read out from the spectra at the particular wavelengths of irradiation ( irr ) and observation ( obs ) which might or not be the same. Therefore, each absorbance is dually labelled by the irradiation and the observation wavelengths ( irr / irr or irr / obs ) corresponding to the specific measurement.
Theoretical Basis
The exponential factor in (1), irr NIS , represents the overall photoreaction rate-constant, which can be analytically expressed as
where Φ irr NIS → PP is the quantum yield of NIS photoconversion, realised at the nonisosbestic irradiation wavelength ( irr ), irr NIS is the molar absorption coefficient of NIS, irr is the radiant power, and irr ∞ the photokinetic factor expressed as
It is worth noting that in the case where another absorbing species is present in the reactive medium with NIS without being itself photoactive, such as a pharmaceutical excipient; the formula of the photokinetic factor (3) must be amended to take into account the effect of such an exogenous absorbing species. This is implemented by considering that the total absorbance of the medium at reaction completion includes both PP ( 
, as is the case in the absence of excipient [3] .
The aforementioned equations (1)- (3) have been validated by testing their reliability to fit synthetic data for AB(1Φ) systems that have been generated by Runge-Kutta numerical integration method. The optimization of these equations was realised by considering a large number of reactions including a wide range of reaction attributes and experimental conditions [3] . The development of this semiempirical framework was meant to circumvent the impossibility to achieve a closed-form integration of the photoreaction differential equation when both initial species and photoproduct absorb. The expression, previously established for the photodegradation of the initial species as the only absorbing species ( irr = 0) [1] , represented a template for the derivation of (1). In fact, the formulae for the latter case can be retrieved from (1)-(3) by considering the quantities relative to the photoproduct as equal to zero (i.e., (3) can be considered as universal formulae applicable to the photodegradation of any AB(1Φ) system at any nonisosbestic monochromatic irradiation wavelength irrespective of whether the photoproduct absorbs at that irradiation wavelength.
Nevertheless, the application of (1)- (3) was conditional to irr ∞ being higher than 1.2 (corresponding to
International Journal of Photoenergy 0.65) for the cases where both reactive species and photoproduct absorb, but in the absence of an excipient. This has proven to be a simple limitation as the former condition can easily be met by lowering the concentration of the initial species or possibly by reducing the irradiation path length ( irr ). In the presence of an exogenous excipient molecule, the condition on PP ( irr / irr PP (∞) < 0.65) holds with an additional limit on the highest absorbance that can be used for the excipient at the irradiation wavelength; irr Excip. < 2.5, a value that is generally beyond the linearity range of most organic molecules [3] .
The formulation of the photokinetic factor (3) indicates that its value decreases with increasing total absorbance of the medium at the irradiation wavelength. As a consequence, the increase of irr / irr tot (∞) induces a decrease in the overall photodegradation rate-constant.
Another important parameter that may find use in the determination of quantum yields and in actinometry is the rate-law for AB(1Φ) photoreactions at = 0, namely, the initial reaction velocity, expressed as
with irr 0 being the photokinetic factor at = 0 and irr a proportionality factor.
Integrated Rate-Law Equations for Isosbestic Irradiation.
The equations presented above were set for nonisosbestic irradiation exclusively because the semiempirical modelling was based on a formula derived for nonisosbestic irradiation. Also, because the semiempirical equation (1) has not been derived by a closed-form integration, its formulation is incomplete and does not apply for all situations as suggested by the limitations on the absorbance values of the medium (e.g., irr ∞ < 1.2). This is also evident for isosbestic irradiation ( isos ) as the logarithmic formula (1) is not at all defined for isosbestic conditions (since the denominator isos / isos NIS (0) − isos / isos PP (∞) = 0). Therefore, a set of equations needs to be derived for this situation even though only a few isosbestic points usually exist on the spectra.
The invariance of the absorbance at the irradiation wavelength at an isosbestic irradiation, leading to a constant photokinetic factor throughout the reaction time, renders integration of this system's differential equation possible [16] . Hence, the kinetics obey a monoexponential integrated ratelaw, given by
with its overall reaction rate-constant expressed as The reaction initial velocity for isosbestic conditions has the same formula as (4) but with irr being replaced by isos .
Results and Discussion
Photodegradation of NIS.
The absorbance spectrum of NIS in ethanol is characterised by two main absorption 200-250 and 300-420 nm regions, spanning the UVB, UVA, and part of the visible spectral ranges (Figure 1 ). The main peak maxima for NIS in ethanol are located at 238 and 340 nm with the former having a much higher absorbance than the latter broader peak. NIS spectrum may be interpreted by the contribution of the independent absorptions of the nitrobenzene and the dihydropyridine chromophores. The long wavelength band (300-420 nm) belongs exclusively to the latter molecular moiety, whereas both chromophores input the UVB transition [17] .
The photodegradation of NIS is easily evidenced by a change in the UV spectrum of the solution (Figure 1) . Exposure of ethanolic solutions of NIS to monochromatic irradiation results in the gradual increase of the absorbance regions of 200-230 nm and 260-320 nm with a peak appearing in the latter region at 280 and a shoulder at 314 nm. A decrease in absorbance is also observed between 230 and 260 nm and 320-420 nm, with the appearance of three isosbestic points at 232, 259, and 320 nm. The region between 390 and 420 nm represents an exclusive absorption region for NIS as the spectrum of PP ends at ca. 370 nm. The timely evolution of the spectra and the simultaneous formation of identifiable isosbestic points suggest that the photoreaction proceeds smoothly without formation of by-products. Moreover, the irradiation of the PP (that was formed from NIS) at various wavelengths did not result in further spectral changes, indicating that the PP is photostable.
The hypsochromic shift observed in the absorption range 320-420 nm has been assigned to the → * electronic transition in the dihydropyridine ring, while the hyperchromic effect in the 259-320 nm range is ascribed to the → * electronic transitions in the aromatic ring [11] . The latter may also involve an underlying → * transition of the dihydropyridine in agreement with the spectral contribution of each chromophore to the overall NIS electronic spectrum [17] .
The primary photoprocess of NIS photodegradation is the occurrence of an intramolecular electron transfer from the dihydropyridine to the nitrophenyl group leading to a radical ion pair [14, 18] . The favourable pathway for the decay of the latter intermediate involves a proton transfer followed by the elimination of a water molecule to produce the primary photoproduct (PP, Scheme 1) [14, 19] . The spatial proximity of the oxygen atom of the ortho-nitro group on the phenyl ring to the hydrogen atom of the noncoplanar dihydropyridine moiety favours the proton transfer which represents a key step in the phototransformation of NIS [14, 19, 20] .
Modelling NIS Photodegradation
Kinetics. NIS photodegradation kinetics was studied by exposing freshly prepared ethanolic solutions to different irradiation wavelengths ( irr = 259, 281, 320, 345, 370, 380, and 390 nm) spanning different regions of its absorption spectrum including its isosbestic points (259 and 320 nm).
The variation of absorbance over time for each irradiation wavelength was recorded at a unique observation wavelength ( obs = 390 nm). These traces were labelled by their irradiation/observation wavelengths ( irr / obs ). Subsequently, the fitting of the experimental traces was conducted using the suitable model equation (i.e., (1) or (5) for nonisosbestic and isosbestic irradiations, resp.) ( Figure 2 ).
All the experimental traces were well fitted by the appropriate equation, thus confirming that (i) the mechanism of NIS involves a unimolecular photoreaction as set out in Scheme 1, (ii) NIS photodegradation obeys a Φ-order kinetics, and (iii) the model equation (1) is valid in describing AB(1Φ) photoreactions kinetics at any nonisosbestic and monochromatic irradiation. Furthermore, a faster degradation was observed upon exposure to irradiation wavelengths in the 340-390 nm region compared to irradiations in the 235-320 nm region of the spectrum. This might suggest that NIS photodegradation causative spectral range spans the UVA/visible regions. However, since various experimental, spectroscopic, and reactants' parameters are involved in the equation of NIS photoreaction rate-constant (2), the former conclusion must be considered with caution.
Wavelength Effects on NIS Quantum Yield.
Fitting the models to the kinetic traces allows the determination of the respective value of irr NIS , which together with its formula (2) or (6) and data from the experimental kinetic traces (Figure 2 ), allows to readily determine the quantum yield values of NIS photodegradation at any monochromatic irradiation ( Table 1) .
The quantum yield of NIS photodegradation increases by more than 85 times with increasing wavelength from 235 to 390 nm (Table 1) . Its values are more significant (>0.1) for wavelengths higher than 280 nm. It is, however, clear that the electronic transition situated in the 320-390 nm region is responsible for the highest phototransformation of NIS (Φ irr NIS → PP > 0.3). The present values of Φ irr NIS → PP may suggest that the lowest singlet-state of the molecule is much more efficient in the photoconversion of NIS than are the other higher excited states, which underlines the important contribution of the → * electronic transition of the dihydropyridine ring in the photochemistry of NIS.
Our Φ irr NIS → PP values agree with those reported in the literature for NIS in methanol as 0.35 at irr = 366 nm [14] and irr = 365 nm [11] . However, our Φ 259 NIS → PP is more than 10-fold lower than the reported value (Φ irr NIS → PP = 0.25) for irr = 254 nm [14] . This discrepancy might be due to the large bandwidth of the filtered irradiation beam (i.e., a polychromatic light) used for the latter study which can only lead to average quantum yield values. The effect of the polychromatic irradiation beam which is clearly much more pronounced at 254 nm than at 366 nm might be explained by a steeper variation of NIS quantum yield values in the 250-300 nm than in the 350-390 nm region (Table 1 and Figure 3) . However, the Φ irr NIS → PP obtained in the present study match well the overall wavelength variation of the quantum yields observed for a NIS analogue, nifedipine [3] . Incidentally, the similarity between NIS and nifedipine results indicate that the extension of the alkyl chain (R) on the ester (-COO-R) group (a methyl in nifedipine) does not significantly affect the photochemical efficiency of the main structural dihydropyridinephenyl backbone. Also, the presence of the nitro group at the ortho-position of the aromatic ring in some dihydropyridine members such as NIS and nifedipine renders such molecules more prone to photolability as suggested by the relatively high quantum yields recorded for both molecules compared to those reported for other dihydropyridine members [21] . Φ Exp. In any case, Φ irr NIS → PP values indicate that the UVA and the earliest section of the visible region are most efficient in NIS photodegradation. From a more general view point, our findings on the quantum yield dependence on irradiation wavelength as it has been observed for NIS, nifedipine [3] , montelukast [5] , fluvoxamine [6] , and sunitinib [7] strongly underline the necessity of using monochromatic light for the determination of reliable values of quantum yields.
Besides, our NIS photodegradation quantum yields are well correlated with the irradiation wavelength ( Figure 3 ) via a well-defined sigmoidal pattern (7) . A good agreement is found between experimental and calculated (7) values of the quantum yields (as indicated by the linear relationship in the inset of Figure 3) . Therefore, the sigmoid equation may be found useful to estimate the quantum yield absolute values at any irradiation wavelength between 235 and 390 nm: investigate their effect on NIS photodegradation rate. This was performed by subjecting each freshly prepared solution to a particular irradiation wavelengths ( irr = 320, 350, or 390 nm), monitoring the absorbance at obs = 390 nm and maintaining the radiant power unchanged for the whole set of experiments realised for any given irr .
NIS Initial Concentration Effect on Its
The kinetic profiles and the determined overall rateconstants are presented in Table 2 and Figure 4 . The model equation fits well the traces with a 20% decrease of the irr NIS values observed for a 5-fold increase in initial concentration for irradiation 320 and 350 nm whereas less than 6% variation was recorded for an 8-fold increase of NIS initial concentration at irr = 390 nm.
The conditions imposed on the present experiments (as set out above and more specifically for nonisosbestic irradiations) meant that only the photokinetic factor's value within the rate-constant equation is affected by a change in the initial concentration (as all the other variables were kept unchanged between different experiments). As expected from the formulae of (1)) and the photokinetic factor of the photoproduct (calculated using (3)) when irradiating various concentrations of NIS solutions (0.39-2.06 × 10 −5 M) at 320 nm and observing at 390 nm. 
3).
The self-stabilization effect induced by the drug's initial concentration value, which works here for both isosbestic and nonisosbestic monochromatic-irradiation, would also be expected to hold for irradiation with polychromatic light and can be postulated for drug mechanisms that involve more than a single unimolecular photoreaction, AB(1Φ) (e.g., it has been proven for photoreversible reactions at any irradiation wavelength [4] , and for cyclic trimolecular systems involving up to six photochemical steps when subjected to isosbestic irradiation [16] .
The concept of photostabilisation through incrementation of the initial drug concentration could in fact explain a number of experimental observations reported in the literature for many drugs [22, 23] . For instance, the postulated change of reaction-order for NIS photodegradation kinetics, which was attributed an apparent first-order kinetics for initial concentrations up to 3 × 10 −5 M and a zero-order kinetics for concentrations above 2 × 10 −4 M [12] , might be interpreted as a photoreaction slow down due to increasing initial concentration. From the correlation line in Figure 5 , a 2.75-fold reduction in irr NIS can be estimated to occur for the above concentrations. This would imply that the kinetic trace would have been steeper for lower initial NIS concentrations than higher ones and, therefore, might have justified the fitting of the former with the exponential model of the first-order reaction and the latter with the linear zeroorder reaction model. A similar misinterpretation can, for instance, be made for NIS kinetic trace at 235 nm irradiation (Figure 2 ), which could be fitted with zero-order kinetics while the much steeper trace resulting from irradiation at 390 nm (Figure 2 ) could be fitted with the first-order kinetics. This reiterates the need for an adequate kinetic method for photodegradation reactions since obtaining a good fitting with classical treatments evidently cannot be informative enough to reach reasonable conclusions on the relative reactivity of photodrugs.
A significant photostabilisation of NIS (and probably of many other drugs) can arguably be achieved by increasing its concentration, although this approach might considerably be limited by therapeutic dosages.
Quantification of NIS Photostabilisation with Excipient-
Dyes. Light absorption competitors have been proposed as a means to photostabilise photolabile drugs [22] [23] [24] [25] [26] . Redcoloured iron oxides are employed in many solid (tablet) formulations for this purpose [22, 27] . In terms of interpretation, the reaction slowdown observed when increasing the concentrations of indigotin and azorubine, for instance, was construed as resulting from a decrease in NIS photodegradation quantum yield in methanolic solutions. The dyes were believed to act as quenchers of nisoldipine excited tripletstate as Stern-Volmer constructs had confirmed [11] . The photodegradation rate-constant of nisoldipine in ethanol was also shown to decrease with increasing concentrations ofcarotene [15] . These studies based their treatments on firstorder kinetics and their conclusions were mainly reached by comparing the reactions rate-constant values. However, a comprehensive quantification of the effects of such light absorption competitors on the photoreaction overall rateconstant has not been, thus far, rationalised by a physicochemical/mathematical treatment. In our previous study [3] , the reduction of the rate-constant could be directly linked to increasing concentrations of the absorption-competitor using Φ-order kinetic equations. In the present study, the additives tartrazine (TRZ) and quinoline yellow (QY) have been studied as examples of excipient-dyes capable of retarding NIS photodegradation in ethanol.
NIS kinetic traces obtained in the presence of increasing concentrations of excipient-dyes (TRZ and QY) were fitted with high accuracy to (1) (Figure 6 ). Increasing the dyes concentrations was found to be inversely proportional to the overall photodegradation rate-constant (Table 3) . a Absorbance of the dye measured at the irradiation wavelength of 390 nm for concentrations given in Figure 7 . b The constant concentration of NIS was 1.56 × 10 −5 M. Table 3 ). Therefore, the true action of the light competitor on the photodegradation reaction is revealed in the reduction of the photokinetic factor value for increasing excipient-dye concentrations but does not affect NIS quantum yield as might have been suggested [11] .
NIS Actinometric Potential.
The ICH recommended quinine hydrochloride actinometer for photostability testing purposes [8] has been found to suffer from a number of limitations including but not limited to an ill-defined photochemical mechanism and a persistent thermal degradation in the dark [28] . These drawbacks seriously hamper the reliability of this actinometer. It is also noticeable that quinine hydrochloride has rarely been employed for the investigations of drugs' photodegradation in solution [22, 29, 30] . Nevertheless, no alternative actinometers have thus far been proposed. In this respect, the equations for Φ-order kinetics have enabled the development of new AB(1Φ) actinometers including conventional drug molecules [2, 3, [5] [6] [7] . Accordingly, the usefulness of NIS for actinometry was established by selecting four ( = 4) irradiation wavelengths (320, 345, 370, and 390 nm) within the region of fast photodegradation. For each wavelength, a set of " " different radiant power values (spanning our instrumentation capacities) were performed on separate NIS solutions of the same concentration. The resulting traces were well fitted by (1) (Figure 8 used in this study [3] ). It is also interesting to notice that from an application viewpoint, the variation of can be investigated independently of and prior to knowing the quantum yield of the AB(1Φ) system at hand. This represents an advantage in developing new drug-actinometers.
Furthermore, the actinometric study can be even simpler to carry out if instead of using 
Equation (8) should apply for any experiment if NIS initial concentration and the irradiation path-length are similar to the ones used in this study ( NIS (0) = 7 × 10 −6 M and irr = 2cm). However, if NIS (0) is the same but irr,actual is different, then a small adjustment must first be made before the irr factor is used in (8) . Mainly, the value of PP absorbance at the end of the reaction as measured for the actual reaction ( irr / irr PP (∞)) will be used to calculate the photokinetic factor in two different ways, ) and divided by the product (2 × irr ∞,corr. ). Therefore, NIS could be used as an actinometer for monochromatic irradiations in the region of 320-400 nm. Our method circumvents the problems encountered with many actinometers [31, 32] including the currently ICH recommended quinine actinometry [8] , as the factors influencing the photoreaction of the actinometer (initial concentration, irradiation wavelength, absorption coefficient of the species, excitation, and monitoring optical path lengths) are all involved in (8) . Overall, because our approach is easy-to-implement (especially through the treatment using the initial velocity), it may represent an interesting method for the development of additional new drug-actinometers. In fact, it has thus far allowed us to propose four new accurate actinometers covering the whole spectrum of light, namely, NIS (320-400 nm), nifedipine (280-400 nm) [3] , montelukast (258-380 nm) [5] , fluvoxamine (260-290 nm) [6] , sunitinib (320-480) [7] , and 1,2-bis [2-methylbenzo[b] thiophen-3,3,4,4,5,5-hexafluoro-1-cyclopentene, DAE, for the visible 405-570 nm region [2] . Furthermore, the above study is useful to shed light on some crucial aspects relating to photochemical reaction attributes. It is interesting to note that besides its utility in actinometry, irr also appears to be an important factor that reflects the rate of a particular photoreaction [6] . It can be compared between different studies using the same molecule at the same initial concentrations. This is because, irr does not depend on the radiant power which is hard to replicate between different experiments and especially when different research groups use different types of irradiation equipment. As such, unlike the overall rate-constant which is dependent on [22] .
It becomes obvious from our results that the photodegradation causative range of the drug can neither be precisely defined on the basis of quantum yield nor on that of the overall rate-constant values. The former represents an absolute value of the efficiency of the photoreaction which does not depend on the reaction parameters such as the absorption coefficient of the photoproduct, whereas the latter depends on a combination of reactivity, reagents' , and experimental parameters, whose values are mostly variable with wavelength; in addition to the fact that the magnitude of irr can also be arbitrarily set. Hence, for a given molecule the irr factor stands as a better criterion for the definition of the reaction performance than Φ irr NIS → PP or irr NIS , if the reactions performed to determine the irr factors were carried out with the same initial concentration of the drug. This stems from the fact that the irr factor, defined exclusively by the irradiation (not the observation) conditions, encompasses the contribution of the absorptivities of the reacting species, the efficiency of the photoreaction, the excitation optical path length, and the initial concentration, that is, all basic parameters influencing the rate of the photoreaction (with the exception of the radiant power). Therefore, the variation of the irr factors with wavelength can provide an effective tool to set the real limits for the photodegradation causative range of the drug (Figure 9 ).
For NIS, the irr factors variation with irradiation wavelength follows a triangular pattern (Figure 10 ). Accordingly, NIS photoreaction is fastest under 370-nm irradiation, and its photodegradation causative range is situated between 320 and 400 nm (considering here that irr ≥ 7400 einstein −1 .dm 3 ).
Conclusion
The recently developed AB(1Φ) model has successfully been applied to describe the kinetics of NIS photodegradation. This model can describe the kinetics of any AB(1Φ) system much more accurately than the classical treatments based on thermal reaction orders. NIS quantum yields of photodegradation were found to follow a sigmoid-like function with irradiation wavelength hence allowing the estimation of this parameter at any monochromatic irradiation wavelength in the 230-390 nm range. It has also become possible to quantify the self-stabilisation effect due to increasing the initial species concentration by a procedure using the rateconstant equation for AB(1Φ) systems. NIS photostabilisation by the presence of photostable excipient-dyes TRZ and QY, which act as absorption competitors as their electronic spectra overlap the same spectral range as NIS, has also been studied. Both species were shown to significantly reduce NIS photodegradation (up to 70%, for concentrations within the linearity ranges of these dyes). The observed photostabilising effect has also been successfully rationalised using the simple AB(1Φ) Φ-order kinetics equations which are capable of describing and predicting the effect of any photoabsorbing photostable species at the selected irradiation wavelength. Finally, it was shown how NIS may be used as a simple and accurate actinometer for monochromatic irradiations within the 320-400 nm spectral range. A new approach of evaluating the photodegradation causative range is proposed on the basis of the variation of irr factor values with wavelength. These findings confirm the usefulness and flexibility of the kinetic equations, set out for Φ-order photoreactions of the AB(1Φ) type, to investigate a number of aspects relating to drug photodegradation, photostabilisation, and actinometry.
